Abstract -The control strategies of reconfiguration and obstacles negotiation are the intensive topic in the filed of legwheel hybrid robot. Based on the analysis of structure characters of leg-wheel hybrid robot and the disadvantage of early control method, this paper proposes a new reconfiguration control method in rough terrain and an auto-control method to get over channels, ridges etc. These control strategies are experimented in a six-leg-wheel hybrid robot which is designed by Shenyang Institute of Automation, and the results show that these control strategies can be effective used in rough terrain.
I. INTRODUCTION
Leg-wheel hybrid robot has been a hot topic in the research field of mobile robot recently, mainly because of its reconfiguration ability, effective maneuverability, and good application prospect in the hazard environment, moon exploration for example. The most representative research products of the leg-wheel hybrid robot are the SRR of JPL ( Figure 1 ) and the K10 of NASA (Figure 2 ). The existing configuration control methods require the comprehensive knowledge of the geometrical relationships between the robot and the terrain condition, which is often unavailable under the outdoor and complex terrain situations. Therefore, the existing methods have great limitations in the practical applications in the outdoor and complex environment.
Considering the defects of the existing methods, this paper presents a new configuration control method for the outdoor uneven terrain based on the Reactive Locomotion Control method, and gives a new control strategy for the autonomous traversing of typical obstacles, such as ditch and ridge. Experimental results validate the proposed the method and strategy. II. PLATFORM DESCRIPTION Our platform is a six-leg-wheeled robot (see Figure 3) . The intensive information of the robot is listed as blow:
1) It runs in a skid-steer style.
2) The legs and wheels are driven individually by 12 electronic motors.
3) The driving model of the wheel motors can be switched on-line between the speed-control mode and the forcemoment-control mode.
4) The legs are equipped with passive suspension, which can move around the equilibrium position in a domain of [-20°, +20°] according to the different force loading situations. The actual angle of the leg is determined by the leg-motor's output angle together with the elastic angle of the passive suspension.
5)
A digital compass and a laser range finder are mounted on the robot, to endow the robot with the perception abilities for its own gesture and the obstacle information in the surrounding environment. Fig. 3 Six-leg-wheel hybrid mobile robot III. RECONFIGURATION CONTROL The existing reconfiguration methods assume the robot work in structured environment. They use the configuration parameters together with the geometrical relationship between the robot and the terrain to construct precise control models. These methods are simple in theorem, and are capable for the structured indoor environment. For the outdoor cases, the geometrical relationship and the precise control model are difficult to obtain, so the robots controlled by these methods can not adapt the complex terrain conditions of the outdoor environment.
According to the defects of the existing methods and the features of the leg-wheel hybrid robot, this paper proposed a new reconfiguration method. First, we estimate the contact state of the wheel and the terrain based on the force loading of the leg, adapt the positions of the legs, and get a good contact state. Second, the expected leg angles are computed with the information coming from the dimensions of the robot, the current configuration, and the expected configuration. Third, the legs are controlled to obtain the expected configuration to full a pre-defined task. The control flowchart is shown in Figure 4 .
A. Control of the Wheel-Terrain Contact
A good contact state of the steering wheels and the terrain is primary in the reconfiguration process. Also, a good contact state is the prerequisite of the precise terrain estimation and the collaboration of the legs. Here, we have two methods to guarantee the good contact state.
1) By measuring the elastic deformation of the passive suspension, our method can tell if a wheel has contact parts with the terrain indirectly, and adapt the leg angle to get a good contact state.
2) By using the force moment feedback of the wheel's driving motor, our method can percept the contact state, and adapt the angle referring to the feedback to get a good contact state. In this situation, the driving motor of the wheel is set to work in the force-moment-control mode.
B. Control of the Leg Gesture
If there are no constraints, we can infer that there are countless sets of solutions for the configuration parameters.
Here, we use the height of the robot's main body to the terrain as the constraint, and guarantee the uniqueness of the solution. The height of the robot's main body is defined as the minimum distance from the body to the terrain. h . First, with the expected configuration and the current configuration, we can obtain the average heights that the front, middle, and rear legs need to move. 
Then, each wheel's displacement can be computed by d
Finally, each expected leg angle can be get by
Normally, the expected angle and the current leg angle share the same sign, for the purpose of reducing the movement of the leg. When a wheel has no contact parts with the terrain, the sign of the expected angle will be determined according to the practical situations. The main problem of the cooperation control of the legs is the synchronization of the same pair of legs. The synchronization of the same pair of legs has two functions: firstly, it guarantees the smooth transition between different body gestures; secondly, it guarantees the averaged load among legs. The control process can be divided into three steps. First, we compute the moving distance of the legs with the current angle and the expected angle. Second, we plan the moving trajectory of the legs according to the maximum acceleration and the maximum velocity of the leg. Third, we control the legs to start and stop moving consistently.
Cooperation control of the legs and the wheels
When the leg is moving, if we set the output force moment of the wheel as M , the force moment exerted by the wheel to the leg will be
where . L is the length of the leg and R is the radius of the wheel. That is, a reasonable control of the wheel can greatly reduce the load of the motor on the leg.
In the reconfiguration control process, the coordination of the legs and the wheels can not be exactly obtained. As a result, we switch the control mode of the wheel motor into the force-moment-control mode. A PID controller is employed to control the passive elastic angle of the leg.
This method fulfills the movement coordination of the legs and the wheels, and improves the force load condition of the leg during the reconfiguration process. Furthermore it makes the force coordination come true, other than the early methods which only focus on the movement coordination. But the new method also introduces a new problem. When the robot runs on a soft terrain, slippage brings minus influences to the driving force of the wheel. To solve this problem, we introduce traction control method [3] [4] . By detecting whether the wheel in running with a zero centroid speed, we can infer the contact state of the wheel and the terrain and control the traction force to get a good contact state.
D. Inspecting the Body Safety
Under the outdoor and complex terrain conditions, we have to take measures to keep the safety of the platform in the reconfiguration control process. As the reconfiguration control often works under the low speed state, we use stability pyramid method to inspect the stability of the body, and use current measurement to detect the overload of the electronic motor.
1) Inspecting the gesture of the robot:
In the outdoor environment, the reconfiguration control may be broke down by many unpredicted reasons, such as the loopholes of the algorithm, ground collapse, and motor faults. The failure of the control may cause tipover or rollover, so we need to do real-time inspecting on the gesture of the body. In this paper, we use three-axis compass and three-axis gyroscope to inspect and estimate the body gesture. When the robot inclines to a preset limitation, the robot will stop the reconfiguration process and sent a report to the remote monitor station.
2) Inspecting the motor overload: The damage of the motor is usually caused by the motor overload. Motor overload will directly lead to the motor over-current, and a long-time over-current will overheat the motor and break it down. So, the inspecting of the motor overload should take both the motor over-current and the length of the over-current period into account. When motor overload is detected, a short-time and intermittent working style will help to avoid the damage to the electronic motor.
E. Warp Elimination
When the reconfiguration control is in process, the force exerted on the passive suspension will change with the configuration of the leg. As the magnitude of the force can not be computed precisely, the deformation of the passive suspension can not be obtained, which leads to the warp between the practical position and the expected position of the leg. This kind of warp can not be eliminated through planning, but can be eliminated through repeatable adjustment.
In this paper, we run the planning and real-time feedback control together to eliminate the warp. When the warp is large, the configuration will be replanned. Otherwise, we will adjust the output force moment of motor to change the deformation of the dissipation, which will finally reduce the warp.
IV. NEGOTIATION CONTROL
The obstacle negotiation ability is the most important feature that distinguishes the leg-wheel robot from the wheeled robot. The strong obstacle negotiation ability is the biggest advantage of the leg-wheel robot. To bring the advantage into play, the reconfiguration control method is not capable enough, and effective negotiation control strategies need to be developed considering the structure characteristic of the robot itself. The negotiation strategies in this paper are mainly designed to handle the typical obstacles, such as ditches and ridges. The obstacle information is given by an obstacle detecting algorithm based on laser range finder. The robot will judge whether an obstacle can be stridden over or not. If the answer is yes, the robot will adjust the heading to find a proper striding direction. Otherwise, an obstacle avoidance strategy will be activated. According to the geometrical characteristic, a ridge can be regarded as a combination of an upward step and a downward step, while a ditch can be regarded as a combination of a downward step and an upward step. In this paper, two control strategies corresponding to the upward-step climbing and the downward-step climbing are proposed.
A. Climbing the Upward Step
When an upward-step appears in front of the robot, the robot will estimate the slope gradient first. If the slope gradient is small enough, the robot will climb on it directly; otherwise, the robot will use the control strategies to stride on it. The reconfiguration process is shown in Figure 6 . 2) Adjust the front and rear leg angles as Figure 6 .2. Here, f θ and r θ become predefined angles, m θ is computed from H , α , β , f θ , and r θ . m θ has to be a proper value to keep the axis-height of the middle wheel in a domain of [ H + R /3, H +2 R /3], and the axis-height will be the criterion to judge whether the middle wheel has climbed on the step.
3) After the middle wheel climbs on the step, the robot will move its front and rear legs as Figure 4 .3 to pull the rear legs onto the step.
4) Recover the robot to the original marching configuration.
B. Climbing the Downward Step
When a downward-step appears in front of the robot, the robot will estimate the slope gradient first. If the slope gradient is small enough, the robot will climb down directly; otherwise, the robot will use the control strategies to stride on it. The reconfiguration process is shown in Figure7. 1) Reconfigure the robot as Figure 7. 1. Now the front wheel is set to run in the force-moment-control mode, while the middle and rear wheels are set to run in the speed-control mode. When the robot is marching forward, inspect the turning speed of the front wheel and the moving speed of the robot. If the turning speed of the front wheel is much larger than the moving speed of the robot, we can infer that the front wheel has been hanging in the air.
2) Once the front wheel is detected to be hanging in the air, control the movement of the robot with the odometer, stop the robot after marching a distance of L , which is the length of the leg. Then, adjust the angle of the front leg to f θ , which is computed from depth of the ditch H .
3) Set the front and rear wheels to run in the speedcontrol mode, and the middle wheel to run in the forcemoment-control mode. Control the robot to move forward, detect whether the middle wheel is hanging in the air with the same method as in 1). Once the middle wheel is hanging in the air, control the legs to reconfigure to the form of Figure  7 .3.
4)
Move the robot forward till the rear wheel touches the bottom of the ditch, then recover the robot to the original marching configuration.
V. EXPERIMENTAL RESULTS
Experiments are conducted on a six-leg-wheel robot to validate the proposed reconfiguration control method and the obstacle negotiation control strategy. We conducted two experiments on the outdoor uneven terrain.
A. Reconfiguration Control Test

1) Roll angle control experiment:
Control the roll angle of the robot on the uneven terrain, see Figure 8 , and the experimental results are listed in Table I . 2) Pitch angle control experiment: Control the pitch angle of the robot on the uneven terrain, see Figure 9 , and the experimental results are listed in Table II . 
B. Autonomous Obstacle Negotiation Test
Here we use a wooden platform to act as obstacles. The height of the platform is 360mm. The configuration series are shown in Figure 10 and Figure 11 .
The experimental results proved that the reconfiguration control method and the obstacle negotiation strategy are effective in the practical applications.
VI. CONCLUSIONS This paper presents a reconfiguration control method and an obstacle negotiation control strategy of the leg-wheel robot for the uneven terrain. Experimental results validate the proposed method and strategy. 
